We observe strong emission from the 1s 2 -1snp Rydberg series in He-like Ne and from the Lyman-a transition in H-like Ne. These emissions are observed when 1.05-mm light in a 600-fs laser pulse is focused into the dense, localized output of a pulsed supersonic nozzle. The maximum focal irradiance of our laser was measured at full power in vacuum to be 1.1 3 10 18 W͞cm 2 . Although emissions from lower charge states such as Ne 6+ and Ne 7+ closely follow rates predicted by tunneling theory, emissions from Ne 8+ and Ne 9+ are observed at irradiances 2 orders of magnitude below tunneling theory estimates. We discuss the origins of these anomalously high charge states and the implications to the development of short-pulse, ultrahighbrightness x-ray sources.
INTRODUCTION
Much of the research on short-pulse laser-driven plasmas in gas targets has been motivated by interest in recombination and collisionally excited x-ray lasers. 1 -3 In the case of recombination-pumped x-ray lasers, very low electron temperatures of a few electron volts at relatively high electron densities (ϳ10 20 cm -3 ) are required for producing adequate gain. 1 As a result of these requirements several authors 1,4 -6 have studied the feasibility of producing these conditions to determine the ideal laser specifications and have concluded that short wavelengths, ϳ248 nm, and short pulses, ϳ100 fs, must be used to minimize rapid electron heating that is due to a variety of mechanisms.
In addition to the interest in x-ray lasers, there is a more general interest in the interaction of short-pulse high-irradiance lasers with different forms of matter, spanning many orders of magnitude in density from collisionless, low-density gas to solid state. This new, broad arena of high-field physics is driven by several areas of application, including high-brightness x-ray sources for medical imaging and lithography, 7, 8 high-gradient electron and plasma accelerators, 9, 10 and advanced schemes for inertial confinement fusion. 11 Of particular interest is the density range from 10 18 to 10 21 cm -3 (10 21 cm -3 is critical density for l 1 mm). In this density regime there is a transition from purely field-driven phenomena such as above-threshold ionization (ATI) and tunneling ionization to collective, plasma effects such as stimulated Raman scattering (SRS) and stimulated Brillouin scattering. These collective plasma effects are responsible for producing energetic particles or photons that fuel interest in the several potential applications.
In the past year there have been several reports 12 -14 of anomalous x-ray emission from the interaction of subpicosecond laser pulses with the dense gas output of a pulsed gas jet. In these experiments the laser irradiance is typically greater than 10 17 W͞cm 2 , and gas densities vary from 10 18 to 10 21 cm -3 . Coverdale et al. 15 recently reported million-electron-volt electrons correlated with the observation of SRS in the forward direction in a He plasma produced by a 600-fs, l 1 mm laser focused at the output of a gas jet. Blyth et al. 14 used Thomson scattering to measure electron temperatures in similar plasmas excited by a 248-nm 350-fs pulse from a KrF laser. They also observed a strong Raman signal, indicating that a significant portion of the incident laser energy is coupled into the plasma wave. The plasma wave heats the electrons, which can excite charge states that are inaccessible by tunneling ionization at these laser irradiances. In a series of papers McPherson and co-workers 16 report anomalous x-ray emission from laserirradiated rare-gas clusters produced in a gas jet under conditions similar to those described above. The large clusters (several hundred atoms) are formed from one of the heavier rare gases, Ar, Kr, or Xe, and the anomalous x-ray emission comes from inner-shell transitions excited by the coherently driven electrons stripped from the clusters.
In this paper we report bright, anomalous x-ray emission from a Ne plasma driven by a 600-fs 1.05-mm laser pulse that is linearly polarized. We observe a strong correlation between these x-ray emissions and the exponential growth of SRS. Particle-in-cell calculations based on our experimental conditions indicate that electron temperatures of several thousand electron volts can be generated in the hot tail of the electron distribution. Applying these electron temperatures to a rate-equation model, we simulate the experimentally observed rapid and efficient emission from these transitions.
DESCRIPTION OF THE EXPERIMENT
Our experiments were performed with a Nd:glass laser system that produces a 600-fs pulse at 1.05-mm with as much as 8 J of energy. 17 We made a thorough investigation of the output characteristics of the laser to aid in interpreting the results of our experiments with both solid and gas phase targets. Normal shot diagnostics include the near-field image and the frequency spectrum at the laser output. We routinely take autocorrelations of the laser pulse to determine its duration. We measure the far-field image of the beam at full power, which enabled us to determine accurately the peak irradiance of the focused laser in vacuum. The far-field image of the beam at the focus of our f͞8.6 lens in vacuum shows a slightly elliptical beam (ratio of axes ϳ1.5) with a Gaussian intensity profile. B-integral effects in the air path to the experiment and through the final focusing lens cause ϳ35% of the energy to be scattered away from the central spot at 6 J, resulting in a peak irradiance at the focus of 1.1 3 10
18 W͞cm 2 . The full width at half-maximum of the focal spot is 16 mm 3 24 mm. The 1.05-mm light used in our experiments is linearly polarized in the horizontal orientation. Figure 1 shows the experimental arrangement for the laser -plasma experiments. The laser pulse is focused into a large vacuum vessel by an f͞8.6 aspheric lens. At the center of the vacuum vessel is a pulsed valve equipped with a supersonic nozzle that can produce Mach 8 flow. 18 The laser is focused approximately a millimeter below the nozzle orifice where particle densities are ϳ10 19 atoms͞cm 3 .
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Emission from the laser-driven plasma is collected with a grazing-incidence extreme ultraviolet spectrometer, whereupon the light is dispersed and is reimaged onto the detector. The spectrometer -detector combination can cover a wavelength range spanning 5 -1000Å by use of different diffraction gratings. For time-integrated experiments we use a microchannel-plate detector coupled to a visible-light CCD array. For time-resolved measurements we employ an x-ray streak camera with resolution up to 10 ps. Visible light that is scattered back in the direction of the incoming laser light is collected by the input focusing lens and is sent to a 0.25-m spectrometer equipped with a 16-bit CCD camera. This diagnostic is used to determine the electron density in the plasma by measurement of the Raman shift of the scattered laser light, 19 or it is used to measure the quantity of light that is backscattered to determine the Raman heating in the plasma. Finally, using two different techniques, we seek information about the laser pulse as it focuses and propagates through the plasma. We split a small fraction of the incoming laser light into a second optical leg that contains a variable delay to overlap the probe pulse with the laser pulse in time. The probe pulse is sent through the plasma perpendicular to the laser, and the scattered light is collected with a small CCD camera. This arrangement allows us to perform shadowgraphy on the plasma at various times after the laser pulse and to look for refraction or filamentation of the pulse as it propagates through the plasma. We can also monitor the central portion of the laser beam as it emerges from the x-ray spectrometer in zero order. By reimaging this beam onto a camera we can compare the beam that propagates through the plasma with the same beam in vacuum to gain qualitative information about the presence of significant filamentation or other extreme refraction effects.
We observed no signs of beam filamentation or selffocusing with the techniques described above. In these measurements the plasma length was ϳ1.0 mm, which is comparable with the confocal parameter of the focused laser, and the plasma density was increased to 0.2n crit . In addition to propagation effects we measured Mie scattering 20, 21 in an identical gas jet, using a 100-fs
Cr-doped LiSAF laser that was frequency doubled to produce light at 400 nm. We observed no scattering with Ne or He but significant scattering with Ar and Kr in the gas jet. This result implies that Ne clusters are ,50Å.
X-RAY EMISSION
Figure 2(a) shows a time-integrated x-ray spectrum in Ne at a laser irradiance of 1 3 10 17 W͞cm 2 and a particle density of 2 3 10 18 atoms͞cm 3 . This spectrum shows several strong series of lines in the Be-like and Li-like Ne ions (Ne VII and Ne VIII transitions), including the 2s -np, 2p -nd, and the 2p -ns series in Ne VIII. The 74-and 98-Å lines in Ne VIII, which stand out distinctly in this spectrum, have been suggested as possible candidates for recombination-pumped laser schemes. 1 At higher particle densities and irradiances most of the line emissions shown in Fig. 2(a) become sufficiently bright to saturate the microchannel-plate -CCD detector. Figure 2(b) , a similar spectrum taken at a higher laser power, shows a shorter-wavelength region. The prominent line at 13.4Å is the He-a line and heads the series of 1s 2 -np transitions in Ne IX that converge to the series limit at 10.37Å. In addition, we can see the Lyman-a line of Ne X at 12.1Å, which is relatively weak in this spectrum, where the laser irradiance was 5 3 10 17 W͞cm 2 , but this line increases to saturate the detector at higher laser power.
Using the x-ray streak camera, we studied the time behavior of these x-ray transitions. In Fig. 3 we show the time decay of the 13.4-Å transition, Ne IX 1s 2 -1s2p, and the 66-Å transition, Ne VIII 1s 2 2p -1s 2 5d. At the operating speed used to take these images the camera has a resolution of 20 ps. The data show that the 13.4-Å emission is short-lived, comparable in decay time with the camera resolution, whereas the emission from the Ne VIII transition (as well as other transitions from this ionization stage) decays at a rate of ϳ10 10 s -1 , indicating that the upper level continues to be populated long after the passage of the laser pulse. Earlier 22 we compared emission decay rates for the Ne VIII transitions excited by green light (l 0.526 mm) with a simple recombination model. The measured decay rates agreed with three-body recombination rates for temperatures of a few electron volts. In the data shown here the Ne VIII emission increases in intensity from t 0 (coincident with the laser pulse), reaching a peak ϳ1 ns after the laser pulse, and then decays with a time constant of ϳ1 ns, consistent with our earlier measurements. If recombination is populating the upper level, then we would expect the rate to increase and reach a maximum only after the electron temperature has cooled from its initial elevated temperature at the end of the laser pulse. In contrast, the Ne IX emission peak nearly coincides with the laser pulse, which suggests that sources other than recombination, such as direct collisional excitation, are responsible for pumping the more energetic He-like and H-like levels.
All the Ne IX and the Ne X transitions shown in Fig. 2 (b) are anomalous in the sense that they appear at values of laser irradiance that are more than 2 orders of magnitude below the appearance intensity predicted by Ammosov et al. 23 (ADK) or barrier-suppression 24 models for tunneling ionization; consequently they must originate from a collisional mechanism that is capable of heating these plasmas on time scales comparable with the laser pulse duration. In this paper we consider mechanisms that may be responsible for the excitation of these anomalous He-like and H-like Ne lines in short-pulse laserdriven plasmas.
BACKWARD-SCATTERED RAMAN EMISSION
Several authors 14, 15, 25 have observed that large quantities of light are scattered backward from the plasma wave that evolves as the short, intense incoming laser pulse rapidly ionizes a dense gas. We routinely employ this backscattered Raman signal as a technique for measuring the electron density in the interaction region of our gas jet. 19 Figure 4(a) is a low-intensity backscattered spectrum in He showing the laser light and a weaker, Stokes peak that is red shifted from the laser frequency by an amount equal to the plasma frequency, v p v 0 2 v s . From this frequency shift we derive a value for the electron density, n e ͑v p ͞e͒ 2 me 0 , where m and e are the electron mass and charge, respectively, and e 0 is the vacuum permittivity.
The plasma wave, the incoming electromagnetic wave, and the scattered Raman wave can couple together parametrically. In this case the Stokes wave (at v s ) can beat with the incoming laser wave ͑v 0 ͒ at the plasma frequency, v p v 0 2 v s , to drive the plasma wave resonantly, which in turn feeds back to drive the Raman wave. The amount of Raman signal grows exponentially with laser irradiance until large fractions of the incoming laser light are backscattered. Figure 4(b) shows the Raman signal scattered from the Ne plasma at different laser intensities. As the laser intensity is increased the Raman signal goes from a single narrow peak to a broad, extended spectrum of light. In some cases we observe that the backscattered light extends even to the blue side of the laser wavelength, an effect indicative of strongly coupled Raman scattering. 26 
DISCUSSION
Various authors 4 -6 have considered different heating mechanisms and their relative importance in ultrashortpulse laser-driven plasmas. Rae and Burnett 5 modeled ATI and collisional heating (also known as inverse bremsstrahlung) under conditions relevant to recombination-pumped x-ray lasers. They report electron temperatures of a kilovolt for a 1.0-mm 100-fs laser (I 2.5 3 10 17 W͞cm 2 ) exciting a plasma in Ne at an atom Fig. 3 . Time-resolved emission from the Ne IX 1s 2 -1s2p transition at 13.4Å (heavier curve) and the Ne VIII 1s 2 2p -1s 2 5d transition at 66Å (lighter curve). also studied ATI and collisional heating in the context of recombination-pumped x-ray lasers in Ne. They showed how, through space-charge effects, one can reduce ATI by choosing a laser pulse width, t pulse , that meets the condition t pulse v p p͞2. They predicted that an electron temperature of 400 eV would be produced by a 100-fs 1.0-mm laser with an irradiance of 10 18 W͞cm 2 in Ne plasma with an ion density of 10 19 cm -3 . Recent papers by Blyth et al. 14 and Coverdale et al. 15 give experimental evidence for the dominant role that SRS plays in producing very hot electrons in short-pulse laser-driven plasmas. Coverdale et al. 15 observed a correlation between the production of 2-MeV electrons and forward-scattered anti-Stokes radiation in He plasmas produced from a gas jet (identical to the one used in these experiments) operating at densities of 10 19 cm -3 . Blyth et al. 14 also observed K-shell emission from Ne, which they attributed to excitation by electrons heated by SRS. Wilks et al. 6 showed that large electron temperatures can be produced from collective plasma heating by SRS, even with 100-fs laser pulses at 248 nm.
Both the backscattered electromagnetic wave I s and the plasma wave I p can be expressed in terms of an exponential growth starting from a background-noise level. The growth rate g 0 in the region of normal growth is proportional to the quiver velocity of the electrons, which is a function of the laser irradiance I: v osc 25.6l p I ͑W͞cm 2 ͒cm͞s, and l is the laser wavelength in micrometers. The rate of increase of the Raman ͑I s ͒ and plasma ͑I p ͒ waves from noise is given by 6 I s I s0 exp͑kg 0 t p ͒ , (1a)
where k is a constant that depends on the temporal pulse shape, k ϳ 1͞2, and g 0 is given by
As the growth rate continues to increase with laser intensity it eventually surpasses the plasma frequency, g 0 . v p , the Raman wave can become strongly coupled, 25 
2 ͒ 1/3 . Therefore, for normal growth, the rate is proportional to I 1/2 , whereas for strongly coupled Raman g ϳ I 1/3 . We made simultaneous measurements of x-ray emission and backscattered energy as a function of laser irradiance at a fixed atom density in the gas jet. Figure 5 plots the integrated Raman signal and fluorescence yields on the 13.4-Å transition versus laser irradiance. For both sets of signals we observe a steep rate of rise with laser power to a point where both signals start to roll over and saturate at a value near 5 3 10 17 W͞cm 2 . In Fig. 6 we plot the same integrated Raman signal versus the growth rate given by Eq. (2) for the measured electron density, n e 0.015 n crit . At lower laser intensity the Raman signal shows rapid growth, as predicted by Eq. (1). At a point where the growth rate approaches the plasma frequency, the rate of increase slows and eventually saturates at the highest intensities. This change of slope at g v p indicates that the plasma instability has become strongly coupled. If we take a cylinder of volume 2p 2 w 0 4 ͞l filled with electrons at a density of 1.5 3 10
19 electrons͞cm 3 and calculate the energy per electron assuming that 2% of the 5-J input goes into plasma heating by means of SRS, 27 we obtain a value of 14 keV per plasma electron.
Treating SRS as the principal source of electron heating in our experiment, we model the x-ray emission for Ne VII -Ne X and compare the results with data taken of line emission versus laser irradiance. We first estimate an electron temperature, using the particle-in-cell code ZOHAR 28 for the conditions of our experiment. An example electron energy distribution for our parameters is shown in Fig. 7 . For this one-dimensional simulation a laser pulse with a peak intensity of 5 3 10
17 W͞cm 2 and a full width at half-maximum of 600 fs was injected into a 0.01n crit plasma with an initial electron temperature T e 25 eV. Once the laser pulse passed through the 300-mm slab of plasma, the electron distribution was found to be that shown in Fig. 7 . We assume that the distributions are Maxwellian, based on the rapid electron -electron collision rate, ϳ10 13 ͞s. The background electron temperature has heated up to roughly 6 keV, and a large heated tail component exceeds 10 keV. Because this simulation is one spatial dimension and three velocities, two-and three-dimensional effects are not included. These effects will reduce the effective heated temperatures seen in one dimension, typically by factors of 2, because there would be more degrees of freedom in the problem. Nonetheless, this simulation illustrates the fact that substantial electron heating can occur as a result of the SRS backscatter and that this must be taken into account when one estimates x-ray yield in this parameter regime. In fact, when the laser traverses a long (ϳ1 mm) region of plasma, the Raman forward-scatter instability 29 can generate energetic electrons. This prediction was experimentally corroborated by Coverdale et al. 16 with the measurement of 2-MeV electrons in a similar laser-driven, gas jet plasma in He. However, these electrons are too energetic to contribute significantly to the excitation of He-like and H-like Ne excited states.
Using the electron distribution function f ͑´͒ and classical collisional ionization cross sections s i ͑´͒, we determine rates that are used in a set of coupled rate equations for each of the ion states in Ne. These equations are of the form
where n i is the Ne ion with Z i, W i is the ADK tunneling rate, and ͗n coll ͘ n e R d´f ͑´͒s i ͑´͒v͑´͒ is the collisional ionization rate averaged over the distribution function. To obtain an integrated emission signal we integrate the equations for a time determined by the electron temperature decay rate from the particle-in-cell simulations. Figure 8 shows data and model results. The emission data have the usual corrections for spectrometer and detector efficiencies at the different wavelengths. In addition, we divided the integrated emission yields by the gf values of their respective transitions so that the plotted quantities would be proportional to an upper-level density, more in line with the model that calculates an ion density. To compare the model results with the data, we used a scale factor to overlap the two sets in the region in which the Ne VII data saturate. In this irradiance regime the ionization rate is the same with or without collisions. The comparison between data and model reveals good agreement for the Ne VIII and the Ne IX states, but emission from the Ne X state is higher than predicted. This lack of agreement may be due to the simplicity of our model. We are continuing to model the experimental results by using a more sophisticated hydrodynamic code that also includes details of the atomic-level populations.
SUMMARY
We observe strong anomalous emission from He-like and H-like transitions observed in an intense, subpicosecond laser-driven Ne plasma produced in a gas jet. These emissions are observed at irradiances that are 2 orders of magnitude below the appearance intensities of Ne 9+ and Ne 10+ , as predicted by tunneling theory. In the same experiments we see intense SRS signals in the backward direction from the incoming laser pulse. These SRS signals grow exponentially with laser irradiance and finally saturate at the highest values. Particle-in-cell simulations of SRS under our experimental conditions predict electron temperatures of 6 keV. We used this electron distribution function to calculate an average collisional ionization rate and included this term in a rate-equation model to predict formation rates for Ne 7 -10+ . The model produced good qualitative agreement with the data, underestimating the production rate for Ne 10+ . Although other mechanisms such as inverse bremsstrahlung and ATI undoubtedly play a role in heating the electrons, the strong correlation between the SRS backscattered light and the anomalous x-ray emission observed in the Ne plasmas produced in our experiments indicates that SRS heating dominates under these conditions (l 1.053 mm, I 2 3 10 17 -10 18 W͞cm 2 , and n e . 0.01n crit ).
